Article focus {#s1}
=============

-   This study evaluated the biomechanical performance of a locking plate system with spring-loaded telescoping screws (LP) in cyclic compressive loading in comparison to two widely accepted gold standard treatment methods for an unstable femoral neck fracture.

-   The locking plate system was hypothesized to demonstrate improved survival and loss of fracture reduction compared to three cannulated screws in an inverted triangle configuration (CS) and a sliding hip screw system with anti-rotation screw (SHS).

Key messages {#s2}
============

-   Femoral neck fracture fixation by LP and SHS both showed higher overall stiffness, biomechanical stability, and number of cycles to failure than by CS.

-   Adequate LP systems provide sufficient biomechanical stability and could be a promising alternative for the treatment of unstable fractures of the femoral neck.

Strengths and limitations {#s3}
=========================

-   Primary strengths were the implementation of a physiologically representative test setup and increasing load protocol and clinically relevant outcome parameters.

-   The design of this study does not allow for speculation on the potential effect of the spring mechanism in the LP group on biomechanical stability.

Introduction {#s4}
============

Femoral neck fractures typically account for over 50% of hip fractures, the incidence of which is expected to increase to 4.5 million worldwide by 2050.^[@b1]^ These fractures are especially common in patients prone to osteoporosis with low bone mineral density (BMD) but can also occur after high-impact trauma in younger individuals.^[@b2],[@b3]^ The fixation of femoral neck fractures remains challenging, with relevant complication and nonunion rates despite advances in treatment.^[@b4],[@b5]^ Femoral neck fractures are particularly problematic when they are displaced and occur at more vertically oriented angles, presenting a higher likelihood of failure due to instability.^[@b6]^ To date, there is no consensus in the medical community on the most appropriate technique for fixing femoral neck fractures, with the most commonly applied methods being screw fixation, sliding hip screw systems, and hip arthroplasty.^[@b3]^ The gold standard for vertical fractures of the femoral neck is the sliding hip screw (SHS; also when supplemented with an additional cannulated screw), which is sometimes recommended over three cannulated screws in an inverted triangle configuration (CS) mainly due to advantages in biomechanical performance.^[@b7]-[@b9]^ More recently, locking plate systems utilizing telescoping screws (LP) have been introduced and show encouraging clinical results.^[@b10]-[@b12]^

The aim of this study was to evaluate the biomechanical performance of a locking plate system in cyclic compressive loading in comparison to two widely accepted gold standard treatment methods for an unstable femoral neck fracture. Comparisons were made between CS, SHS, and a LP construct in a worst-case configuration with only two out of three screws implanted. We hypothesized that in an unstable femoral neck fracture the LP construct would demonstrate improved survival and loss of fracture reduction compared to these gold standard treatment methods ([Figure 1](#F1){ref-type="fig"}).

![a) Sliding hip screw and anti-rotation screw (SHS). b) Locking plate with spring-loaded telescoping screw-plate system (LP). c) Three cannulated screws in an inverted triangle configuration (CS). Representative configurations implanted in Sawbones specimens (Malmö, Sweden) for demonstration purposes only.](BJR-9-314-g0001){#F1}

Methods {#s5}
=======

A total of 30 fresh-frozen human femora from 15 female donors with a mean age of 62 years (SD 8) and a mean body mass index of 34 kg/m^2^ (SD 9) were obtained through a commercial body donation programme (Science Care, Phoenix, Arizona, USA) to be used in this study. Only specimens without any signs of previous fracture, deformities, or bone tumours were included. All specimens were scanned by quantitative CT (160 kV, 60 mA, slice thickness 0.75 mm, SOMATOM AS+; Siemens AG, Erlangen, Germany) to assess BMD at the femoral neck and head. Analysis was conducted using clinical medical imaging software (ImpaxEE R20 VII; Agfa HealthCare, Bonn, Germany) and femoral head BMD was calculated using a European Forearm Phantom calibration. Specimens were evenly distributed based on BMD into three groups: LP, CS, and SHS. Distribution was carried out such that two femora from the same specimen were never assigned to the same group. Mean BMD across all specimens was measured to be 233 mg/cm^3^ (SD 73), with no significant differences between groups (p = 0.980, multivariate analysis of variance (MANOVA)). Mean femoral neck length was found to be 50 mm (SD 3) across all specimens when measured from CT scans as per the methods of Nakamura et al,^[@b13]^ also with no significant differences between groups (p = 0.995, MANOVA).

All specimens were stored at -20°C before preparation and testing and allowed to thaw overnight before implantation. The fracture model was an OTA/AO 31B2 osteotomy^[@b14]^ with a calcar wedge and smaller posterior wedge positioned cranial dorsal of the femoral neck, further classified as a Pauwels type III fracture at an angle of 70° to the horizontal,^[@b15]^ reproducibly implemented using a custom sawing guide. The CONQUEST FN 1-hole locking plate system with locking screws that employ a dedicated spring mechanism for fracture site compression was implanted for the LP group, utilizing only the calcar and anterosuperior screw holes, as well as a 4.5 mm shaft screw. Although implanting three spring-loaded screws is the standard surgical technique, inserting only two screws is FDA-approved due to anatomical constraints and limitations or in the case of small stature patients. The CS group was implanted with three 7.0 mm cannulated screws in the inverted triangle configuration and washers corresponding to each screw. The SHS group comprised a 130° 2-slot 60 mm sliding hip screw and an additional 6.5 mm cannulated screw implanted superiorly, often referred to as the 'anti-rotation' screw. Implantation of the sliding hip screw without 'anti-rotation' screw is a widely accepted treatment method; however, we chose to implant the construct with the additional 'anti-rotation' screw to embody one of the strongest options currently available for such fractures.

The orthopaedic equipment for all groups had the same manufacturer (Smith & Nephew, Cordova, Tennessee, USA). All implantations were conducted under radiograph control according to the manufacturer's guidelines per respective fixation technique by a fellowship-trained orthopaedic surgeon. Specimens were cut to a length of 25 cm, measured from the most superior point of the femur, and embedded distally in 5 cm of a three-component casting resin (RenCast FC53A/B + Filler DT082; Gößl + Pfaff, Karlskron/Brautlach, Germany). Samples were embedded such that the femoral head was vertically aligned with the femoral condyles with the femoral shaft inclined by 7°.

For biomechanical testing each specimen was mounted at 10° adduction and 11° extension ([Figure 2](#F2){ref-type="fig"}), representing the physiological direction of the maximum applied hip forces during gait.^[@b16]^ The femoral head was seated into a customary inverted hemispherical chamber attached to a multidirectional bearing plate fixed to the load cell on the actuator of an electrodynamic testing machine (E3000; Instron, High Wycombe, UK). The embedding protocol ensured that the distal portion of each specimen was fully constrained within the test apparatus throughout testing. After preloading each specimen to 50 N, three quasistatic ramp loads of 10 mm per minute to 500 N were conducted to determine initial axial construct stiffness, calculated from the linear portion of the load-deformation curve. Specimens were then cyclically loaded to failure at 2 Hz frequency. Cyclic sinusoidal compressive loading with a tapered sine waveform began with the initial 500 N upper load and stepwise increasing upper loads by 50 N every 2500 cycles. The lower load limit was always 50 N. Failure was defined as construct breakage, reaching a vertical actuator limit of 15 mm, or a maximum applied load of 3,000 N, whichever occurred first.

![Biomechanical test setup with multidirectional bearing plate (1), inverted hemispherical chamber (2), reference markers for movement analysis (3), adaptors for definition of the neck axis (4), and rigid embedding (5).](BJR-9-314-g0002){#F2}

During all tests a 3D high-resolution motion tracking system (ARAMIS 5 M; GOM, Braunschweig, Germany) was used to record displacement of the femoral head fragment with respect to the shaft fragment, identified by groups of reference markers affixed to each specimen. The system took photos every 500 cycles at both the fully loaded and 50 N levels and conducted analysis based on data obtained in these photos. Marker displacement analysis was aided with the construction of two different coordinate systems based on the axes of the femoral neck and shaft, as defined in the corresponding software programme (GOM Correlate Professional 2018; GOM). Failure mode, location, reference marker displacement, and construct stiffness were recorded and each sample was photographed.

Parameters of interest were varus collapse, femoral neck shortening, and rotation of the femoral head. Varus collapse was defined as rotation of the femoral head in the frontal plane about the sagittal axes. Femoral head rotation was calculated about the axis of the femoral neck in both the posterior and anterior directions, and femoral neck shortening as lateral displacement along the femoral neck axis. Leg shortening in the form of inferior dislocation of the femoral head with respect to the shaft was analyzed to provide an indication of expected leg length discrepancy. Leg shortening can be understood to occur as a result of neck shortening and varus collapse combined. All outcome parameters were calculated in terms of movement of the femoral head relative to the femoral shaft. To ensure that values were representative of permanent (plastic) deformation during loading, measurements were only taken at the minimum compressive load (50 N) to provide an indication of non-recoverable deviations from the initial state of the system.

Permanent deformation was analyzed at three instances: initially (after a 500 N static ramp and before cyclic loading), after 30,000 cycles (representative of three to four weeks of healing time),^[@b17]^ and at the final recorded point before failure was observed in each specimen. Values calculated at 30,000 cycles excluded all samples that had failed before this point (two SHS and three each of CS and LP groups). Comparison was chosen to be conducted at this number of cycles because it represents a later point in cyclic loading before a large portion of CS samples exhibited failure shortly thereafter. The maximum force applied at 30,000 cycles was 1,050 N, which is the load typically expected at the femoral head for the tested population (mean 91 kg (SD 28)) during walking under partial weight-bearing (50%).^[@b16]^

Quasistatic measurement data were normally distributed according to a Shapiro-Wilk test (p = 0.109). Independent variables were treatment method (LP, CS, SHS) and dependent variables included neck shortening, varus collapse, femoral head rotation, leg shortening, initial stiffness, and cycles to failure. Testing for significant differences between groups was performed using MANOVA with Bonferroni correction and femoral head BMD as a covariate. Movement values were reported prior to testing, after 30,000 cycles and at failure. Kaplan-Meier survival analysis was performed in terms of the number of cycles to failure. All statistical testing was carried out using SPSS Software (IBM SPSS Statistics v19; IBM, Armonk, New York, USA). Statistical significance was set at p \< 0.05.

Results {#s6}
=======

Construct stiffness values during the initial quasistatic ramps varied widely, ranging from 157 N/mm to 1,396 N/mm ([Table I](#T1){ref-type="table"}). The maximum number of cycles survived during loading also varied; one LP specimen reached the maximum applied load of 3,000 N without any obvious sign of failure while one CS specimen failed already after 500 N static loading before cyclic testing began ([Table I](#T1){ref-type="table"}). Based on mean values, LP and SHS specimens survived over 50% longer than CS specimens, with no significant differences between groups observed (p = 0.347; Kaplan-Meier survival; [Figure 3](#F3){ref-type="fig"}). The predominant failure mode observed was reaching of the defined 15 mm limit, occurring in the form of varus collapse and femoral neck shortening ([Figure 4](#F4){ref-type="fig"}). Three specimens (SHS and two LP) failed by a fracture at the femoral shaft. In terms of hardware failure, the calcar screw of one of the LP specimens was discovered as having broken at the distal screw thread. There was no significant correlation found between maximum applied load and femoral neck length (p = 0.187, R^2^ = 0.064; Pearson *r* ).

###### 

Initial stiffness, number of cycles, and maximum load to failure for three groups: sliding hip screw with anti-rotation screw; locking plate system with spring-loaded telescoping screws; and three cannulated screws in an inverted triangle configuration.

  Group     Mean initial stiffness, N/mm (SD)   Mean cycles to failure, n (SD)   Mean load at failure, N (SD)
  --------- ----------------------------------- -------------------------------- ------------------------------
  **SHS**   535 (172)                           65,974 (33,670)                  1,790 (674)
  **LP**    805 (414)                           66,933 (43,726)                  1,815 (873)
  **CS**    625 (351)                           43,775 (36,289)                  1,355 (720)

CS, three cannulated screws in an inverted triangle configuration; LP, locking plate system with spring-loaded telescoping screws; SHS, sliding hip screw with anti-rotation screw.

![Cumulative rate of survival for all three groups (n = 10 each) in terms of number of cycles until failure criteria were reached. CS, three cannulated screws in an inverted triangle configuration; LP, locking plate system with spring-loaded telescoping screws; SHS, sliding hip screw with anti-rotation screw. 95% standard error bands for each group are depicted by the thinner lines corresponding to each respective colour.](BJR-9-314-g0003){#F3}

![Specimens before (A and B) and after cyclic testing exhibiting neck shortening (C: 78,000 cycles and 2,000 N) and varus collapse (D: 57,000 cycles and 1,600 N).](BJR-9-314-g0004){#F4}

Results for varus collapse and femoral neck shortening can be seen in [Figures 5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}, respectively. The LP group exhibited the lowest amount of leg shortening at all points of analysis. At 30,000 cycles mean leg shortening was 3.4 mm for SHS (95% confidence interval (CI) 1.2 to 5.2), 2.0 mm for LP (95% CI 0.2 to 4.5), and 5.6 mm for CS (95% CI 3.4 to 7.6), with no statistically significant differences found (p = 0.104, MANOVA; n = 22). Values increased up until construct failure, with LP constructs showing a mean value significantly lower than SHS at failure when adjusted for number of cycles (p = 0.046, MANOVA). Mean leg shortening values at failure were 4.9 mm for LP (95% CI 2.8 to 7.3), 8.9 mm for SHS (95% CI 6.8 to 11.3), and 7.0 mm for CS (95% CI 4.4 to 9.0; p = 0.049, MANOVA; n = 30).

![Plastic deformation of the femoral head in the form of varus collapse initially (pre-cyclic loading) and after 30,000 cycles for the three study groups: sliding hip screw and anti-rotation screw (SHS); locking plate with spring-loaded telescoping screws (LP); and three cannulated screws in an inverted triangle configuration (CS).](BJR-9-314-g0005){#F5}

![Plastic deformation in the form of femoral neck shortening initially (pre-cyclic loading) and after 30,000 cycles for the three study groups: sliding hip screw and anti-rotation screw (SHS); locking plate with spring-loaded telescoping screws (LP); and three cannulated screws in an inverted triangle configuration (CS).](BJR-9-314-g0006){#F6}

The direction of the rotation of the femoral head around the femoral neck axis was not consistent, with most specimens rotating posteriorly and approximately one-third in the anterior direction. Thus, only absolute values are presented for this parameter. The LP constructs showed the lowest amount of rotation initially with a mean value of 0.8° (95% CI -0.6° to 2.3°), compared to 2.1° observed for CS constructs (95% CI 0.7° to 3.5°; p = 0.395, MANOVA; n = 30). The mean amount of femoral head rotation at 30,000 cycles was 2.0° for LP (95% CI 0.3° to 4.0°), 3.1° for SHS (95% CI 1.3° to 4.8°), and 5.0° for CS (95% CI 3.1° to 6.8°; p = 0.107, MANOVA; n = 22). At failure, femoral head rotation was 5.8° for LP (95% CI 1.6° to 9.7°), 7.8° for SHS (95% CI 3.7° to 11.7°), and 9.5° for CS (95% CI 5.6° to 13.8°; p = 0.368, MANOVA; n = 30).

Discussion {#s7}
==========

The primary aim of this study was to evaluate the biomechanical performance of a locked plating system for the fixation of unstable femoral neck fractures and compare it to the gold standard fixation methods of cannulated screws and a sliding hip screw system with anti-rotation screw. Both the LP and SHS constructs demonstrated superiority over CS constructs in terms of the mean number of cycles to failure, initial axial stiffness, and loss of fracture reduction during loading. The LP system demonstrated similar mechanical performance to a sliding hip screw construct with anti-rotation screw.

LP was found to exhibit the highest stability in initial loading across all recorded variables. This trend could also be observed in values recorded at 30,000 cycles, except for varus collapse, of which SHS demonstrated a slightly lower mean value by 0.3°. Relative fragment displacements in the early stages of loading were relatively low, which may bring into question their clinical relevance. However, data recorded at these stages together with the initial stiffness values should still be taken into consideration when assessing implant performance, as such low-loading scenarios represent situations common to early postoperative recovery under reduced weight-bearing. While smaller relative displacement and higher construct stiffness are likely to promote fracture healing in the femoral neck, large displacements due to reduced construct stiffness may initiate healing disturbances.^[@b18]^

The CS construct exhibited the most varus collapse at all three analyzed timepoints, demonstrating room for improvement in the stabilization of such a fracture under typically expected loads. Furthermore, the high femoral neck rotation values observed in the CS group at failure could affect functional outcomes if observed clinically, as malalignment of the two fracture fragments would reduce the likelihood of proper healing.^[@b19]^ This outcome is substantiated by high failure rates of CS constructs reported clinically.^[@b20]^

The results of this study correspond with those of similarly carried out biomechanical studies showing better performance of SHS than CS for this type of fracture.^[@b21]-[@b23]^ Furthermore, our results for neck shortening^[@b24]^ and varus collapse^[@b25]^ at construct failure are comparable to those published in clinical studies. The consistent improved performance of LP in terms of leg shortening is also worth considering; clinically, leg length discrepancy is commonly observed after internal fixation of femoral neck fractures and increased prevalence is associated with consequences such as pain, limping, impaired mobility, and a higher fall risk.^[@b26],[@b27]^

Although statistically significant differences were unable to be demonstrated for most outcome parameters, a trend for higher biomechanical stability was observed in the LP group at the first two reported timepoints. Because successful initiation of fracture healing requires proper reduction and stabilization of the fracture, it may be that the mechanical environment of the injury in the initial stages after surgery is one of the most important factors with regard to achieving successful patient outcomes. The higher load and larger number of cycles to failure demonstrated by LP and SHS also offer benefits in terms of clinical outcomes, as cut-out and screw penetration are frequent failure mechanisms, especially in osteoporotic bone.^[@b28]^

The biomechanical benefits of locked plating for fixation of the femoral neck have been suggested in other studies, specifically in more vertical fractures.^[@b29]-[@b31]^ The design of this study unfortunately does not allow for inference on the potential benefits of the spring mechanism of the tested LP construct specifically. The results presented are only indicative of overall performance differences between this technology and other gold standard methods.

This study has a number of strengths, as well as limitations. With regard to biomechanical testing, a primary strength of this study was the implementation of a physiologically representative test setup and realistic increasing load protocol. Furthermore, the fracture model applied in this study included an additional posterior wedge to represent supplementary posterior comminution, which has been shown to decrease fixation strength and diminish the rate of fracture healing.^[@b32],[@b33]^ Our calculation of parameters such as varus collapse is similar to methods carried out in another similar biomechanical study.^[@b34]^

The implants used in this study were chosen with clinical relevance and realistic usage in mind. The CS system has demonstrated clinical^[@b35]^ and biomechanical^[@b36]^ pertinence as an approach for treating femoral neck fractures, alongside the additional use of washers for further stabilization.^[@b37]^ The SHS system has been shown to improve biomechanical stability^[@b38]^ and is considered to be the 'best-case' construct among gold standard fixation methods.^[@b39]^ Only two out of three possible locking screws were implanted in the LP to simulate a 'worst-case' scenario, taking into account the smaller femoral neck sizes typically seen in the tested population of elderly osteoporotic women. Although other novel devices have been more recently introduced to treat these types of fractures,^[@b40]^ we designed our study with the intention of comparing against the most popular options available.

Many of the limitations of this study are inherent to all biomechanical studies carried out on cadaver specimens. Forces due to muscles and other soft tissues were not considered in our loading protocol. Although all implantations were carried out by a single surgeon (SH) in a repeatable manner, it is likely that minor deviations in implant position within an expected range occurred, possibly due to variations in specimen anatomy. Specimen groups were allocated using BMD values as opposed to other methods such as matched pairs analysis, or the size of the femoral shaft and neck. Differences in specimen size may have had an impact on the resultant moments across the neck fracture site during loading. The boundary conditions of the test setup implemented in this study may have over-constrained the distal end of the femur; however, we felt that such a setup was necessary to maintain construct stability over the prolonged cyclic loading period. Finally, although all specimens were thoroughly hydrated with sodium chloride spray during preparation and upon starting tests, they were not continuously conditioned during the test periods, which could have had an effect on the bone material properties.

In conclusion, the LP group demonstrated the least loss of fracture reduction in early stages of loading, as well as significantly less leg shortening at construct failure. LP and SHS both showed higher overall stiffness, biomechanical stability, and number of cycles to failure than the CS specimens. Due to greater loss of fracture reduction as well as lower stiffness and likelihood of survival, cannulated screws should be used with caution for the treatment of unstable vertical femoral neck fractures, such as those with extensive posterior comminution. Our findings suggest that a locking plate system provides sufficient biomechanical stability for unstable femoral neck fractures and could be a promising alternative to a hip screw system, even when implemented as a 'worst-case' configuration with only two screws. The applicability of these results with regard to real patient outcomes should be further investigated in clinical studies.
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